In this article, we compare direct image transmissions through various multimode optical fibers, namely, step-index silica, graded-index silica, and step-index plastic fibers. We make use of a round-trip transmission in the optical fiber as well as a phase-conjugate wave generated by a self-pumped BaTiO 3 crystal to recover a distorted image. The image was best recovered for a step-index silica fiber with a core diameter of 50 mm and NA ¼ 0:18 among three types of 1-m-long silica fibers.
Introduction
A single optical fiber, rather than a bundle of fibers, is desirable for the parallel transmission of two-dimensional images due to its small size. A variety of schemes have been proposed and demonstrated to directly transmit two-dimensional images through a multimode optical fiber. They are divided into two groups: The first group is based on an encoding method via pixels. In the transmitter side, position information on an optical wave spaced by a diffractive element or a scanner is transformed into wavelength information. After transmission through the optical fiber, the image is reconstructed by an inverse process on the receiver side. This is realized by composite hologram filtering, 1) wavelength multiplexing, 2) color coding, 3) wavelength-time multiplexing, 4) spatial modulation, 5) and spectral multiplexing. 6) The second group makes use of the phase compensation of the phase conjugator. [7] [8] [9] [10] [11] In the phase-conjugate (PC) method, 7) a distorted image is recovered after a round-trip transmission in a multimode optical fiber with identical characteristics and length if the PC wave is used to invert the wavefront. The PC wave has been generated using a number of materials. 12, 13) In particular, a single crystal of barium titanate (BaTiO 3 ) has a high gain 14) and is useful for many applications. Several experiments based on the above principle have been performed by combining a 1.75-m-long step-index fiber with a krypton ion laser 8) or by combining a 0.75-m-long step-index fiber with an argon ion laser. 9) Oneway image transmission has been demonstrated using a stepindex fiber 10) or a pair of graded-index multimode fibers, 11) both having a length of 10 cm. Previous works did not detail the spatial resolution of output images quantitatively except for an indirect description in ref. 8 . We present a comparative study of direct image transmission using multimode fibers. A degraded image is recovered using the PC wave, that is generated in a photorefractive self-pumped BaTiO 3 crystal 15) illuminated by a green laser. Although, strictly speaking, both wavefront and polarization distortions must be compensated for, 16, 17) we consider here only the wavefront that is dominant. We tested three types of multimode optical fibers, namely, stepindex silica, graded-index silica, and step-index plastic fibers. We successfully transmitted a pictorial image using a round-trip transmission over the plastic fiber. We could also recover a degraded image even after transmission over a length of 35.5 m using a step-index silica fiber.
Experiment on Phase-Conjugate Wave Generation

Experimental apparatus
We used a green laser ( ¼ 532 nm) that was linearly polarized. The laser beam was injected into the BaTiO 3 crystal in which degenerate four-wave mixing was employed to generate the PC wave. The dimensions of the crystal were 4:2 Â 4:5 Â 4:8 mm 3 with its longest dimension along the c-axis. A half-wave plate and a beam splitter were placed between the laser and the crystal. The half-wave plate was used to rotate the polarization plane of the laser light. The beam splitter was used to monitor the optical power of the PC wave. A quarter-wave plate was inserted when we needed circularly polarized light.
Polarization dependence of generation efficiency
The generation efficiency of the PC wave depended markedly on the crystal orientation and polarization states. The c-axis of the crystal was oriented to the horizontal plane. The incident position and angle of the green laser directed onto the crystal were adjusted such that the PC wave was efficiently generated. The incident power of the laser was typically about 85 mW. The PC wave was generated using a self-pumped geometry 15) and was observed after the appearance of beam fanning. We could obtain a stable and intense PC wave near an incidence of 40 with respect to the crystal normal and at an incident position of 2.5 mm from the crystal edge. The polarization dependence of generation efficiency was measured by fixing the incident angle and position. The power of the generated PC wave was corrected by considering the reflection characteristics of the beam splitter. The result is shown in Fig. 1 , where the polarization angle is measured with respect to the c-axis of the BaTiO 3 crystal. The maximum generation efficiency is obtained to be 29.2% when the polarization plane of incident light agrees with the c-axis of the crystal. The generation efficiency is reduced to zero by deviating from this angle.
Threshold for phase-conjugate wave generation
The power and generation efficiency of the generated PC wave were measured by changing the polarization state of laser light. The generation efficiency of the PC wave is plotted in Fig. 2 as a function of the input power of linear and circular polarization incidences. The minimum threshold power is about 1.1 mW for the c-axis direction, and its mean generation efficiency is about 27% above the threshold. The threshold power increases with increasing polarization angle. The ratio of minor to major axes of polarization was adjusted to be as close to unity as possible to obtain the circular polarization. The circular polarization incidence has a maximum threshold power of about 8.8 mW and its mean generation efficiency is only about 2.3% above the threshold. For depolarized light incidence, which was sometimes observed in the image transmission experiment, the threshold power was about 3.6 mW. These results indicate that the linear polarization incidence is desirable for the generation of the PC wave, especially for low input power. Therefore, the light incident to the BaTiO 3 crystal was adjusted so as to have a nearly linear polarization if necessary.
Optical Setups for Direct Image Transmission
The present image transmission method is based on the fact that an incident wave returns to its original position when it enters the phase conjugator, 12) indicating that a distorted image is recovered after round-trip transmission in the multimode optical fiber. An input image may be reflected back to the original position by any optical equipment. The magnitude of the reflected wave is in general intense compared with that of the PC wave. Thus, we must prevent the reflected wave from returning back to the original position. The direct image transmission was performed using two kinds of optical setups.
The first optical setup is depicted in Fig. 3 . The green laser is used as the light source. The laser light is injected into an objective lens L 1 so as to expand its beam size. We used a 5Â objective lens with a numerical aperture (NA) of 0.1 or a 10Â objective lens with a 0.3 NA as lens L 1 . After the emitted light illuminates the U.S. Air Force resolution chart, it is split into two beams using a beam splitter (BS). The light reflected from the BS is fed into an input plane to allow us to take a photograph of the input image. The light transmitted through the BS is coupled into a multimode optical fiber after focusing the beam using another objective lens L 2 having characteristics identical to those of lens L 1 . The spacing between lens L 2 and the fiber input end is adjusted such that its coupling efficiency is maximized. In the first setup, the laser beam reaches lens L 2 after it has once converged in front of the resolution test chart.
The fiber output is directed onto the BaTiO 3 crystal via a convex output lens L 3 . The spacing between the fiber output end and lens L 3 is adjusted for every test fiber such that light transmitted through lens L 3 efficiently interacts with each other inside the crystal over as long a distance as possible. The PC wave is generated using the self-pumped geometry. The generated PC wave retraces its previous path in the fiber without any adjustment owing to its phase compensation property. As it passes through the fiber, the wavefront distortion is reduced. The light after round-trip transmission in the test fiber includes ideally no distortion and is fed into the output plane after reflection by the BS. Input and output images are photographed using a charge-coupled device (CCD) camera. Then, optical power is appropriately reduced to match the dynamic range of the CCD camera using optical ND filters.
The second optical setup is nearly the same as the first setup except that objective lens L 1 is replaced by a beam expander with a magnification factor of 2. The main discrepancy between them is as follows: In the second setup, the optical beam is kept nearly collimated between the beam expander and objective lens L 2 . The magnitude of light reflected from the lens surface is larger than that of the generated PC wave. Consequently, lens L 2 is slightly tilted such that we prevent the reflected light from reaching the output plane. The configuration provides several merits in direct image transmission. The resolution chart is more uniformly illuminated in the normal direction than in the case of the first setup. Since an expanded light is incident on the fiber input end, the light reflected from the fiber end is spatially expanded, resulting in the good spatial confinement of the PC wave and the easiness of its observation. As a result, much power can be applied to the BaTiO 3 crystal. A step-index silica fiber was tested in a preliminary experiment. The fiber has a core diameter of 50 mm, an NA of 0.18, and a length of 563 mm, and is highly multimode.
Experimental Results on Direct Image Transmission
Input and output images
The input image used is the same as that in Fig. 4(a) . Figures 5(a) and 5(b) show output images for one-way and round-trip transmissions in the tested fiber, respectively. In Fig. 5(a) , the image is so distorted that we cannot decipher its original image. We can admit from Fig. 5(b) that the recovered image closely resembles the input image even though we observe an analogous noise. This result shows the inevitable necessity of the PC wave in direct image transmission.
Output images for various optical fibers
using the first optical setup Various optical fibers were used to transmit an optical image using the first optical setup. Silica and plastic fibers were tested and their fiber parameters are listed in Table I with several experimental results. These optical fibers are all commercially available. The fiber length is about 1.0 m for short cases. The spacing between lens L 2 and the fiber input end is adjusted such that the fiber output power is maximized in each case. The generation efficiency of the PC wave has a strong dependence on incident polarization states, as shown in Fig. 2 . Hence, polarization states and optical powers were measured just before the BaTiO 3 crystal. Polarization states are not always linearly polarized, as shown in Table I .
Fiber A1 is a step-index silica fiber whose core diameter is 50 mm and NA ¼ 0:18. A polarization state was elliptically polarized light whose major axis is oriented to the c-axis before the BaTiO 3 crystal. A half-wave plate is not inserted in this case. As lens L 3 in the cases of fibers A1, B, and C, we use a convex lens that has a focal length of 50 mm and an aperture of 50 mm diameter. A pictorial image could be transmitted up to a spatial resolution of 2.25 line pairs/mm. Fiber B has the same NA as that of fiber A1 but has a fiber diameter two fold that of fiber A1. No pictorial images could be transmitted through fiber B, although the PC wave was generated. This suggests that a large core fiber is not desirable for direct image transmission when NA is relatively small.
Fiber C is a graded-index silica fiber whose core diameter and NA are nearly identical to those of fiber A1. Although the polarization state was nearly circular polarization before the BaTiO 3 crystal, the polarization state was unchanged. A pictorial image could be propagated up to a spatial resolution of 2.0 line pairs/mm. We could not observe any appreciable difference between the step-index and graded-index fibers.
Fibers D1 and E1 are step-index plastic fibers whose core diameter and NA are much larger than those of silica fibers. Since NA is as large as 0.51, the optical beam markedly spreads at the fiber output. The PC wave could not be generated using the above convex lens. Thus, output lens L 3 was replaced with an achromatic lens of 50 mm focal length and 30 mm aperture diameter, although we do not always need to reduce chromatic aberrations. Then the PC wave was generated. In the case of plastic fibers, the ratio of major to minor axes of output polarization was not changed even if a quarter-wave plate was inserted between lens L 3 and the crystal, indicating that the output wave was depolarized. Recovered images for fibers D1 and E1 are shown in Figs. 6(a) and 6(b), respectively. The spatial resolutions were both 4.49 line pairs/mm, respectively, for fibers D1 and E1. Hardly any difference in output images for vertical and horizontal stripes could be found in the plastic fibers as well as in the silica fibers.
We can summarize these results as follows: (i) A comparison between silica and plastic fibers reveals that an optical fiber with a large NA is preferable for direct image transmission. Discussions on the NA will be given in §4.4.
(ii) The plastic fiber loses the polarization state even after transmission over a distance of 1.0 m. This means that the loss of the polarization state does not always degrade the spatial resolution obtained.
using the second optical setup Various optical fibers were investigated using the second optical setup whose features were described in the last paragraph of §3. Table II lists their fiber parameters as well as experimental results. The fiber length was about 1.0 m for short cases. Adjustment methods for optical equipment are similar to those for the first optical setup.
Fiber A3 has the same fiber parameters as fiber A1. Since the output wave from the fiber output end was highly linearly polarized, its polarization axis was matched to the c-axis of the BaTiO 3 crystal using a half-wave plate. The optical power was 18.7 mW just before the crystal. Although the PC wave was generated for use in the negative-type resolution chart, the image distortion remained. When the resolution chart was replaced by Ronchi rulings, a highquality image was obtained. A pictorial image could be transmitted up to a spatial resolution of 20.0 line pairs/mm unlike in the first optical setup, although we observed spurious small spots caused by the reflected wave. Fiber A3 could not transmit a pattern with a resolution of 30.0 line pairs/mm, where the resolution of Ronchi rulings was available every 10.0 line pairs/mm. Fibers D2 and E2 are step-index plastic fibers that have the same parameters as those of fibers D1 and E1, respectively. The output waves emitted from these two fibers were nearly depolarized. Their output powers were 9.9 and 15.4 mW, respectively, just before the BaTiO 3 crystal. A pictorial image could be transmitted at a spatial resolution of as high as 20.0 line pairs/mm, as shown in Figs. 7(a)-7(d) , unlike in the first optical setup. A high-quality output image was obtained even for a large core diameter of 980 mm in the plastic fiber. We could see from photographs that the output image of the plastic fiber is better in quality than that of the silica fiber. The plastic fiber could not resolve a pattern of 30.0 line pairs/mm either. Tables I and II show the following results: (i) The spatial resolution of output images obtained using the second setup is higher than that of images obtained using the first setup. The difference is due to the fact that the beam expander is (b) (a) used to expand the beam in the second setup. (ii) We can also say in the high-resolution case that a high NA results in a high-quality image. (iii) A key for obtaining a high-quality output image is to supply as much optical power to the BaTiO 3 crystal as possible.
Discussion on the NA dependence of image quality
The image quality will be discussed here for the fiber itself instead of the PC wave process. Since the properties of the step-index fiber are semiquantitatively similar to those of the graded-index fiber, we treat the quadratic index fiber to investigate the NA dependence of image quality.
Let us consider a multimode fiber with a radially quadratic index that extends infinitely and is represented by nðrÞ ¼ n 1 ½1 À ðgrÞ 2 1=2 with n 1 being the core center index and g a constant. If optical images transmitted through the quadratic index fiber are smeared by the difference in propagation constants, then the maximum transmission distance is estimated by L max ¼ ð2Þ
where denotes the wavelength, and l max and m max are the maximum mode orders in the x and y directions, respectively. If an optical wave is efficiently confined to the core, then g corresponds to a focusing coefficient in the finite core fiber and is defined as ffiffiffiffiffiffi ffi 2Á p =a with the relative index difference Á and the core radius a. NA is expressed as
2 . This leads to a conclusion that a high NA is not good for the image quality.
Next, we consider imaging with a microscope lens that has a function of image formation that is the same as that of the quadratic index fiber. According to the sine condition, a large NA results in a high resolving power for incoherent or coherent illuminations.
19) The present experimental data suggests that it is important, for high image quality, to consider the image formation mechanism rather than propagation constants themselves.
Long-distance image transmission using silica fiber
Input images were transmitted through a step-index silica fiber with characteristics identical to those of fiber A1 using the first and second optical setups. A photograph of the experimental setup is shown in Fig. 8 . The test fiber is loosely placed on an optical bench and its length is 35.5 m.
Results are shown as A2 and A4 in Tables I and II, respectively. The polarization state of the fiber output was nearly circular polarization in both cases. The strength ratios of the minor to major axes were 1 : 1:04 and 1 : 1:22 for the first and second setups, respectively. Consequently, the polarization state was not altered. The optical powers were 9.1 and 16.0 mW for the first and second setups, respectively, just before the BaTiO 3 crystal.
Figures 9(a)-9(d) show output images after round-trip transmission for the first and second optical setups. We can observe three stripes with a spatial resolution of 2.0 line pairs/mm in the first optical setup. However, this output image is of low quality in comparison with those of fiber A1 with a length of 1 m and identical characteristics. This is due to the fact that guided modes suffer from the conversion due to the inhomogeneity during propagation through the optical fiber and it gives rise to the degradation of optical images. In contrast, we can observe an output image with a spatial resolution of 10.0 line pairs/mm in the second setup as shown in Fig. 9(c) . For reference, we show the output image for a spatial resolution of 20.0 line pairs/mm in Fig. 9(d) . It is obvious that the use of the second setup improves the spatial resolution obtained.
Conclusions
Direct image transmission was performed by combining multimode optical fibers with a PC wave. The PC wave was generated using a BaTiO 3 crystal pumped by a green laser. Three types of multimode fibers, namely, step-index silica, graded-index silica, and step-index plastic fibers, were tested as transmission media. In the case of step-index silica fibers with NA ¼ 0:18 and a length of 1 m, the fiber with a core diameter of 50 mm could transmit a pictorial image but the fiber with a core diameter of 100 mm could not. The stepindex plastic fiber with NA ¼ 0:51 and a length of 1 m successfully transmitted an optical image with a spatial resolution of 20 line pairs/mm. We could recover a distorted image even after transmission over a 35.5-m-long step-index silica fiber. We conclude that NA, as well as core diameter, is an important factor for increasing the quality in direct image transmission.
